We present molecular dynamics simulation evidence of spontaneous formation of quasione-dimensional (Q1D) hydrogen gas hydrates within single-walled carbon nanotubes (SW-CNTs) of nanometer-sized diameter (1−1.3 nm) near ambient temperature. Contrary to conventional 3D gas hydrates in which the guest molecules are typically contained in individual and isolated cages in the host lattice, the guest H 2 molecules in the Q1D gas hydrates are contained within a 1D nanochannel in which the H 2 molecules form a molecule wire. In particular, we show that in the (15,0) zigzag SW-CNT, the hexagonal H 2 hydrate tends to form, with one H 2 molecule per hexagonal prism, while in the (16,0) zigzag SW-CNT, the heptagonal H 2 hydrate tends to form, with one H 2 molecule per heptagonal prism. In contrast, in the (17,0) zigzag SW-CNT, the octagonal H 2 hydrate can form, with either one H 2 or two H 2 molecules per pentagonal prism (single or double occupancy). Interestingly, in the hexagonal or heptagonal ice nanotube, the H 2
Introduction
Gas hydrates belong to a class of host−guest compounds. The host is typically a lattice of water that contains independent cages in which each cage can accommodate one or a few guest molecules, depending on the size of the guest molecule and diameter of the cages. 1 To date, three crystalline structures of 3D gas hydrates have been uncovered, namely, type I, II, and H clathrate structures. Gas hydrates have attracted considerable interests because of their significant energy and environmental implications. In nature, methane hydrates in type I structure are predominantly present at ocean floor and polar region, while gas hydrates with type II or H structure are found in the Gulf of Mexico. 2 On the negative side, during the deepwater−oil/gas production, plugging of pipelines by gas hydrates may cause environment hazards.
Besides being used as natural gas reserves, gas hydrates have also been exploited for potential applications as gas-storage media, such as for storing CO 2 (e.g., for carbon sequestration) or hydrogen (an energy carrier). 3−9 For a long time, hydrogen molecules were thought too small to be capable of stabilizing the host lattice of ice clathrates. However, in 2002, Mao et al. revealed that H 2 hydrates can be stable at high pressures (>200 MPa) and room temperature in which H 2 molecules can occupy both the small and large cages in the type II crystalline structure. 3 This finding has prompted subsequent efforts in synthesizing gas hydrates as potential media for hydrogen storage. For example, to achieve the formation of H 2 hydrates at near-ambient condition, various promoter molecules such as tetrahydrofurn (THF) have been examined. 10−13 These previous studies indicate that water cages may offer a safe and clean way to store hydrogen.
To date, structural and thermodynamic properties of several 3D H 2 hydrates have been well characterized. 14−20 However, the formation mechanism of bulk H 2 hydrates remains less understood due in part to the inability to precisely monitoring the time frame and spatial domain of the crystallization process in the laboratory, or due to very long computing time needed in molecular dynamics simulations of bulk gas hydrate formation. 21 On the other hand, highly confined environment not only can disrupt the hydrogen-bonding network of ice framework thereby affecting kinetics of crystallization, but also allow spontaneous formation of some low-dimensional ice structures at nanosecond time scale. 22−30 Indeed, spontaneous formation of low-dimensional gas hydrates (e.g., argon and methane hydrates), as well as guest-free hydrates, was observed in previous molecular dynamics simulations. 29−31 Previous simulation and experimental studies have also shown that water molecules can enter into single-walled carbon nanotubes (SWCNTs) without applying high hydrostatic pressure. 32−35 Liquid water inside a SW-CNT can diffuse along the axial direction at room temperature (with typical diffusion constant D of ~10 −5 cm 2 s −1 ), while far below the room temperature, the axial diffusion constant of quasi-one-dimensional (Q1D) solid water, e.g., ice nanotubes, is about 10 −10 cm 2 s −1 . 33, 36 It is known that ice nanotubes consist of polygonal water prisms. Can the polygonal water prisms trap one or more H 2 molecules to form H 2 clathrate structures? Here, we show simulation evidence of spontaneous formations of Q1D H 2 hydrates inside SW-CNTs of nanometer-sized diameter. Stability of the predicted H 2 hydrate structures are further confirmed by density-functional theory optimization and ab initio molecular dynamics simulations.
Computational Methods
Classical Molecular Dynamics Simulations. Independent MD simulations are performed using the Gromacs 4.5 software package for water encapsulated in SW-CNT systems. 37 Five zigzag SW-CNTs with index (13, 0), (14, 0) , (15, 0) , (16, 0) , and (17,0) are considered. Here, carbon atoms are modeled as uncharged Lennard-Jones (LJ) particles with graphite parameters of ε C = 0.2328 kJ/mol and σ C = 0.34 nm. 38 TIP3P model of water are used in most MD simulations, 39 while several other three-site, four-site, and fivesite water models (SPC, SPC/E, TIP4P, and TIP5P) are also examined for test simulations which give the same qualitative results of the Q1D H 2 hydrate formation as with the TIP3P water model. H 2 molecules are described by a rigid two-center LJ model with a bond length of 0.074 nm and with the LJ parameters of ε H = 0.1039 kJ/mol and σ H = 0.259 nm. 40 LJ potential parameters for heterogeneous atoms are given by Lorentz−Berthelot rule. In addition to the LJ potential for H 2 , more accurate exp-6-8-10 potentials for the H 2 − H 2 and H 2 −C interactions 41−43 are also considered. A test simulation shows that the results of Q1D H 2 hydrate formation are very close to those obtained based on the LJ potential (see Figure S1 in Supporting Information), indicating that the H 2 hydrate formation is not very sensitive to the selected H 2 and H 2 −C potentials (developed by different groups). The cutoff length for all interparticle interactions is set to be 2.0 nm. The periodic boundary condition is applied in all three dimensions. In the axial direction, the supercell (or CNT) has a fixed length of 5.112 nm. Such a fixed length of CNT is selected based on our previous MD simulations of the formation of polygonal ice nanotube within CNTs. 36 Test simulations show that the CNTs can accommodate 18 layers of polygonal water rings, i.e., one layer per 0.284 nm, close to the typical distance of a hydrogen-bonding pair of oxygen atoms. In the two lateral directions, the supercell lengths are 5.0 nm, respectively, which are large enough to neglect interaction among periodic images. The temperature is controlled by using the velocityscaling method. 44
Density-Functional Theory Calculations and ab Initio Molecular Dynamics Simulations.
Density functional theory (DFT) calculations and ab initio MD (AIMD) simulations are performed by using QUICKSTEP module implemented in the CP2K package. 45 Molecules are described with the hybrid Gaussian and plane-wave method. The ion-valence electron interactions are represented by norm-conserving pseudopotentials developed by Goedecker and co-workers, 46, 47 and the charge density cutoff of 280 Ry is used for the auxiliary basis set. The BLYP 48, 49 exchange-correlation functional is used together with Grimme dispersion correction (D3). 50 We select the BLYP-D3 functional because it can properly describe systems with weak hydrogenbonding interactions. 51−53 A previous AIMD simulation study using BLYP-D3 also showed good agreement between the theoretical and experimental results of the electronic absorption spectrum of liquid water. 54 In addition to the BLYP-D3 functional, the Perdew−Burke− Ernzerhof (PBE) exchange-correlation functional 55 with Grimme dispersion correction (D3) 50 is also considered for geometric optimization. Nearly the same optimized geometric structures are obtained as those based on the BLYP-D3 functional.
Kohn−Sham orbitals are expanded into a double-ζ valence polarized basis set (DZVP). We adopt a strict convergence criterion for the electronic gradient 1 × 10 −7 eV with the orbital transformation method. A tetragonal supercell (50 × 50 × 8.52 Å) is undertaken for all the structures with the axis of the CNT being along the z-direction. Convergence criterion for the maximum force is set to 0.01 eV/Å in all the geometry optimizations. Vibrational analysis is carried out to examine dynamic stability of the optimized periodic structures. No imaginary frequencies are found from the vibrational analysis, suggesting the optimized structures are local energy minima. Basis set superposition error (BSSE) is corrected to obtain the interaction energy E i between a hydrogen molecule and inner surface of the ice nanotubes (enclosed in a SW-CNT), which is defined as
represents the total energy of the whole system, E(A) and E(B) represent the BSSE-corrected total energies of the (A) hydrogen molecules and (B) an ice nanotube enclosed in the SW-CNT. For Born−Oppenheimer AIMD simulations, all the AIMD trajectories (10 ps for each system) are generated in the constant volume and constant temperature ensemble, with the Nóse-Hoover chain method used for controlling the temperature (fixed at 250 K). The length of SW-CNT is always fixed at 0.852 nm. The time step of 1.0 fs is used, which has been proven to yield sufficient energy conservation for water systems. 52−54 
Results and Discussion
The first series of classical MD simulations involve five SW-CNT/ water systems to identify candidate ice-nanotube structures below the freezing point. The five zigzag SWCNTs with the indexes (13, 0), (14, 0) , (15, 0) , (16, 0) , and (17, 0) have the diameter of 10.18, 10.96, 11.74, 12.53, and 13.31 Å, respectively. On the basis of previous MD simulation results, 36 we place 18 × n (n = 4, 5, or 6) water molecules in the three narrower SW-CNTs, respectively, and 18 × (n + 1) (n = 7 or 8) in the two wider SW-CNTs to form perfect Q1D ice nanotubes. Different numbers of water molecules are also tested, and the spontaneous formation of ice nanotube structures (with some defects) is still observed (see Figure  S2 ). All the five CNT/water systems are initially equilibrated at T = 1000 K and then subjected to an instant quench to T = 250 K. After 20 ns equilibration, the hollow single-walled tetragonal, pentagonal and hexagonal ice nanotubes are formed in the (13, 0), (14, 0) and (15, 0) SW-CNTs, respectively, whereas the core− sheath heptagonal and octagonal ice nanotubes with a 1D water wire in the interior region are observed in the (16, 0) and (17, 0) SW-CNTs (see Figure 1 ).
Clearly, to form Q1D hydrogen hydrates in these CNT/water systems, the H 2 molecules have to either occupy the hollow space within narrower ice nanotubes or displace the interior water wire within the core−sheath ice-nanotubes. Our second series of MD simulations are aimed to examine these possibilities. We initially place various mixtures of water and H 2 molecules within the five SW-CNTs and run the MD simulations to let the systems reach equilibrium at T = 1000 K. Next, the systems are subjected to an instant quench to T = 250 K, following by another 20 ns MD simulations. Results after 20 ns equilibration are summarized below:
(1) In the (13, 0) SW-CNT system, the supercell initially contains 72 (18 × n, n = 4) water molecules and 18 H 2 molecules (i.e., H 2 O/H 2 ratio is 4:1). During the 20 ns equilibration run at 250 K, a pentagonal composite ice nanotube is formed spontaneously, where some H 2 molecules occupy the wall of the ice nanotube rather than the hollow space (see Figure 2A ). When the number of water molecules is reduced from 72 to 54 (H 2 O/H 2 ratio 3:1), phase-separated structures, i.e., a tetragonal ice nanotube together with a high-density H 2 gas, are observed (see Figure  2B ). Despite of repeated cooling/heating and long-time simulation, the Q1D tetragonal H 2 hydrate is not observed in the (13, 0) SW-CNT.
In addition, an independent AIMD starting with a perfect Q1D tetragonal H 2 hydrate (with 12 water molecules and 3 H 2 molecules) is performed. As shown in Supporting Information Movie S1, the AIMD trajectory of H 2 molecules in the tetragonal ice nanotube confirms that the 1D tetragonal H 2 hydrate is unstable in the (13, 0) SW-CNT. We also compute the interaction energy between a H 2 and the inner wall of tetragonal ice nanotube based on a DFT method with inclusion of BSSE correction and dispersion correction. The positive interaction energy (0.5 eV) indicates that the interaction is repulsive. Hence, both the AIMD simulation and DFT calculation show that 1D tetragonal H 2 hydrate cannot form within the (13, 0) SW-CNT. In other words, H 2 molecules cannot occupy the interior space of a tetragonal ice nanotube.
(2) In the (14, 0) SW-CNT system, the numbers of water molecules and H 2 molecules are chosen to be 90 (18 × n, n = 5) and 18 (i.e., H 2 O/H 2 ratio is 5:1). Spontaneous formation of the pentagonal H 2 hydrate (Movie S2) is observed. The ice framework of pentagonal H 2 hydrate is identical to that of the pentagonal ice nanotube (other than a few defects). In other words, H 2 molecules can be enclosed in the interior nanochannel of the pentagonal ice nanotube (see Figure 2C ). Moreover, we can obtain a nearly perfect pentagonal H 2 hydrate via repeated cooling/ heating, followed by longer simulation and tuning the numbers of water molecules and H 2 molecules. An independent AIMD trajectory starting with a perfect pentagonal H 2 hydrate (containing 15 water molecules and 3 H 2 molecules) shows that the pentagonal H 2 hydrate is stable in the (14, 0) SW-CNT (Movie S3). However, the computed BSSE-corrected interaction energy between the H 2 molecule and pentagonal ice nanotube is about 0.1 eV. This positive binding energy indicates that H 2 molecules may be easily released from the pentagonal H 2 hydrate if the CNT system is an open-end system. Higher pressures are needed to trap H 2 molecules within the pentagonal ice nanotube.
(3) In the (15, 0) SW-CNT system, the numbers of water molecules and H 2 molecules are chosen to be 108 (18 × n, n = 6) and 18 (i.e., H 2 O/H 2 ratio is 6:1). Spontaneous formation of a nearly perfect hexagonal H 2 hydrate (Movie S4) is observed. Like Q1D pentagonal H 2 hydrate, the H 2 molecules are enclosed in the interior nanochannel of the hexagonal ice nanotube (see Figure 2D ). Within the hexagonal ice nanotube, each hexagonal prism is singly occupied by a H 2 molecule. Thus, the molecular ratio between number of H 2 molecules and water molecules is 1:6. Contrary to the 1D pentagonal H 2 hydrate, the BSSE-corrected interaction energy between H 2 molecule and hexagonal ice nanotube is about −0.09 eV, suggesting that it is energetically favorable for H 2 molecules to be trapped inside the hexagonal ice nanotube. Furthermore, an independent AIMD trajectory starting with a perfect hexagonal H 2 hydrate (containing 18 water molecules and 3 H 2 molecules) shows that the hexagonal H 2 hydrate is stable in the (15, 0) SW-CNT at 250 K (Movie S5).
(4) In the (16, 0) SW-CNT system, the numbers of 126 (18 × n, n = 7) water molecules and 18 H 2 molecules are chosen (i.e., H 2 O/ H 2 ratio is 7:1). After 20 ns equilibration at 250 K, a heptagonal H 2 hydrate with some defects is observed, as shown in Figure  3A (also see Movie S6). Here, the original interior water wire inside the core/sheath heptagonal ice nanotube is now replaced by the H 2 wire. Within the heptagonal H 2 hydrate each heptagonal prism contains a single H 2 molecule. Since the interior space of the heptagonal prism is larger than of the hexagonal prism, one may ask the question whether each heptagonal prism could be doubly occupied by two H 2 molecules. To explore this possibility, we reduce the number of water molecules to 108 and increase the number of H 2 molecules to 36 (i.e., H 2 O/H 2 ratio is 3:1). After 20 ns equilibration at 250 K (starting from an initial configuration obtained at 1000 K), a composite ice/H 2 nanotube structure is observed, where the H 2 molecules replace two neighboring water chains on the wall of the core/sheath heptagonal ice nanotube, as shown in Figure 3B (also see Movie S7). By heating the composite ice/H 2 nanotube system in three steps to 280 K (20 ns per step), the heptagonal ice hydrate is formed where some H 2 molecules are encapsulated in the interior nanochannel of the heptagonal ice nanotube, indicating the composite ice/H 2 nanotube is a metastable structure. However, the occupancy of each heptagonal prism is still one, as shown in Figure 3C (also see Movie S8), indicating that the singly occupied heptagonal H 2 hydrate is thermodynamically more favorable.
Although the double occupancy for the heptagonal H 2 hydrate is not observed in the MD simulation, the AIMD trajectories starting with a perfect heptagonal H 2 hydrate (containing 21 water molecules and 3 or 6 H 2 molecules) suggest that 1D heptagonal H 2 hydrates with either single or double occupancy per heptagon prism are stable in the (16, 0) SW-CNT (see Movies S9 and S10). The computed BSSE-corrected interaction energy between the first H 2 molecule and heptagonal ice nanotube of the doubly occupied heptagonal H 2 hydrates is about −0.12 eV. However, the interaction energy between the second H 2 molecule and ice nanotube is positive, suggesting that the double occupancy is energetically unfavorable.
(5) Lastly, in the (17, 0) SW-CNT system, the numbers of water and H 2 molecules are chosen to be 144 (18 × n, n = 8) and 18 (i.e., H 2 O/H 2 ratio is 8:1). After 20 ns equilibration at 250 K, a nearly perfect singly occupied octagonal H 2 hydrate is formed spontaneously, as shown in Figure 4A (also see Movie S11). To examine possibility of the double occupancy for the octagonal H 2 hydrate, we increase the number of H 2 molecules to 27 (i.e., H 2 O/H 2 ratio is 16:3). Interestingly, spontaneous formation of a nearly perfect octagonal H 2 hydrate at 250 K with both single and double occupancy is observed, as shown in Figure 4B (also see Movie S12). Furthermore, when the number of H 2 molecules is increased to 36 (i.e., H 2 O/H 2 ratio is 4:1), a full doubly occupied octagonal H 2 hydrate with some defects is formed at 250 K (see Figure 4C and Movie S13). Subsequent simulations by increasing the temperature to 260 K for 20 ns, 270 K for 20 ns and then to 280 K for 20 ns also yield a nearly perfect octagonal H 2 hydrate with double occupancy per octagonal prism (see Figure 4D and Movie S14). In addition, the computed BSSEcorrected interaction energy between the H 2 molecules and octagonal ice nanotube is about −0.05 eV. Thus, the octagonal H 2 hydrate with double occupancy per octagonal prism is also energetically favorable. AIMD trajectories starting with a perfect octagonal H 2 hydrate (containing 24 water molecules and 3 or 6 H 2 molecules) also show that the octagonal H 2 hydrates with either single or double occupancy per octagon prism in the (17, 0) SW-CNT are stable at 250 K (see Movies S15 and S16). Hence, H 2 molecules can stabilize the octagonal ice nanotube to form Q1D H 2 hydrates through either single or double occupancy, for which the molecular ratio of H 2 molecules and water molecules ranges from 1:8 to 1:4.
Both the classical and ab initio MD simulations demonstrate that the n-gonal H 2 hydrates (n = 5−8) can be formed in corresponding (14, 0), (15, 0) , (16, 0) , and (17, 0) SW-CNTs. The SW-CNTs with a supercell length of 5.112 nm can accommodate 18 n-gonal prisms with each prism hosting at least one H 2 molecule (an octagonal prism can host two H 2 molecules). Thus, to achieve perfect n-gonal H 2 hydrate structures, we place 18 × n water and 18 H 2 molecules initially in the supercell. If the number of water and H 2 molecules does not follow the ideal ratio, some defects would be created in the n-gonal H 2 hydrate (see Figure S3) . Moreover, Figure S3 shows that slightly excessive water molecules in the supercell will block the formation of a perfect H 2 chain in the hydrate since the extra water tend to occupy the center of hydrate, whereas insufficient number of the water molecules in the supercell will tend to induce some vacancies in the ice-nanotubes. Alternatively, with slightly deficient number of water molecules from the ideal H 2 O/H 2 ratio (i.e., H 2 O/H 2 ratio < 8:1), a mixed 8-/7-gonal Q1D H 2 hydrate is formed in (17, 0) SW-CNT (see Figure S3A ) rather than the 8-gonal Q1D H 2 hydrate. If N w = 18 × 7 and N H2 = 18 (i.e., H 2 O/H 2 ratio = 7:1), the hydrate ends up to a 7-gonal Q1D hydrate. Likewise, with slightly deficient number of water molecules (i.e., H 2 O/H 2 ratio < 7:1), a mixed 7-/6-gonal H 2 hydrate is formed in the (16, 0) SWCNT, and if N w = 18 × 6, i.e., H 2 O/H 2 ratio = 6:1, the 6-gonal hydrate is formed (see Figure S3B ). In stark contrast, with (15, 0) SW-CNT and slightly deficient number of water molecules (i.e., H 2 O/H 2 ratio < 6:1), a perfect 6-gonal H 2 hydrate and a phaseseparated H 2 gas are formed, rather than a mixed 6-/5-gonal H 2 hydrate (see Figure S3C ).
In Table 1 , we summarize structures of the Q1D H 2 hydrates, together with corresponding H 2 O/H 2 ratio, occupancy of H 2 in every polygonal prism, hydrogen weight percentage (wt %), and the collapse temperature (T collapse ) of the hydrates. The result that T collapse of the pentagonal hydrate is much lower than that of other Q1D hydrates suggests that H 2 molecules can be easily released from the pentagonal H 2 , consistent with the computed BSSE-corrected interaction energy. Also, T collapse of doubly occupied octagonal hydrate is much higher than that of singly and/ or mixed singly/doubly occupied octagonal hydrate, indicating the octagonal hydrate with double occupancy is the most stable.
To gain more insight into the structural features of these polygonal ice nanotubes and H 2 hydrates, we compute the radial and axial density profiles, as shown in Figures 5, 6 and S4. The radial density profiles confirm that the tetragonal, pentagonal and hexagonal ice nanotubes are hollow, while the heptagonal and octagonal ice nanotubes are core−sheath, i.e., containing a water wire in the interior nanochannel ( Figure 5A) . Figure 5B −F shows that all ice nanotubes exhibit periodically layered structures in the axial direction. Interestingly, it can be seen from Figure 5E ,F that the heptagonal and octagonal ice nanotubes exhibit notably different density distribution in the axial direction, even though both ice nanotubes encapsulate a water wire. For the heptagonal core−sheath nanotube, there is a low peak between every two neighboring high peaks and the density values at valleys are always close to 0, suggesting that the water molecules in the water wire are entrapped in the center of each heptagonal prism and their migration rate is very slow (the axial diffusion constant is 3 × 10 −10 cm 2 /s). As such, the water wire is solidlike. However, for the octagonal core−sheath nanotube, no low peak is seen between every two neighboring high peaks and the valley values are still appreciable, suggesting that water molecules in the water wire can pass through each octagonal water rings easily (the axial diffusion constant is 1 × 10 −6 cm 2 / s). Hence, the water wire is liquid-like, consistent with the experimental result of "nanotube water". 56 The radial density profiles of polygonal H 2 hydrates confirm that H 2 molecules are trapped in the interior nanochannel of corresponding polygonal ice nanotubes. As the diameter of SW-CNT increases, the trapped H 2 molecules tend to be located off the center (see Figure 6 ). Figure S4 shows a common feature for all polygonal H 2 hydrates, that is, each density peak of H 2 appears between neighboring water density peaks, indicating that H 2 molecules prefer to be located at the center of each polygonal prism. However, there is a notable distinction between octagonal H 2 hydrate and other ones, namely, the density distributions of H 2 are still appreciable even at center of the water octagonal rings whereas those in other polygonal H 2 hydrates are nearly zero. This means that the probability of H 2 molecules located at water ring is very small in heptagonal or narrower H 2 hydrates (even though the AIMD trajectory shows that H 2 molecules in heptagonal H 2 hydrate can easily pass through the heptagonal rings (see Movie S9)), but the probability is much larger in octagonal ice nanotube. Therefore, the rate of H 2 migration through octagonal rings can be much higher than that in the H 2 hydrates with smaller diameter. Indeed, the axial diffusion constant of H 2 in octagonal hydrates is about 1 × 10 −5 cm 2 /s (liquid-like, Figure  7D −F), whereas those in narrower hydrates are less than 5 × 10 −10 cm 2 /s (250 K, Figure 7A−C) . With increasing temperature, the axial diffusion constants of H 2 molecules are of the same magnitude as those of water in pentagonal and hexagonal hydrates below the collapse temperature, suggesting that H 2 molecule can hardly pass through the pentagonal and hexagonal water rings ( Figure 7A,B) . It can be also seen from Figure 7C that the H 2 axial diffusion constant is about an order of magnitude greater than that of water in heptagonal clathrate at 390 K, indicating that H 2 molecule can pass through the heptagonal water rings.
Note that the H 2 diffusivity within a hydrate having defects is dependent on the type of defects. For example, the axial diffusion constant of H 2 in a metastable composite ice/H 2 hexagonal nanotube in (16, 0) SW-CNT at 250 K is about 7 × 10 −6 cm 2 /s, suggesting the H 2 molecules in the composite ice/ H 2 nanotube can move more freely along the axial direction ( Figure 3B ). When the heptagonal ice hydrate is formed by heating the composite ice/ H 2 nanotube to 280 K ( Figure 3C ), the axial diffusion constant of H 2 is reduced to about 8 × 10 −8 cm 2 /s, about 2 orders of magnitude lower. In this case, the heptagonal water rings can block diffusion of H 2 molecules in the axial direction.
Finally, we perform additional classical MD simulations to demonstrate that the Q1D H 2 clathrates can be also formed spontaneously near ambient pressure. Toward this end, we first place a finite-size SW-CNT into a dilute H 2 aqueous solution. The solution is initially equilibrated at 300 K and 1 atm, followed by stepwise cooling in a temperature step of 10 K (see the Supporting Information for computational details). At 250 K, the spontaneous formation of heptagonal H 2 hydrates is observed in (17, 0) SW-CNT ( Figure 8A and Movies S17), while octagonal H 2 hydrate is formed spontaneously in (18, 0) SW-CNT at 220 K (see Figure 8B and Movies S18).
Conclusion
We have shown that polygonal ice nanotubes and Q1D H 2 hydrates can be formed spontaneously inside SW-CNTs of nanometer-size diameter near ambient temperature. In relatively wider SW-CNT, e.g., (16, 0) and (17, 0) , the Q1D H 2 hydrates exhibit core−sheath structures, i.e., H 2 molecules occupy the interior core (by replacing the original interior water wire) of the either heptagonal or octagonal ice nanotubes, forming a H 2 wire. Notably, in the octagonal ice nanotube, liquid-like transport of H 2 molecules in the axial direction can be observed. In the relatively narrow SW-CNT, e.g, (15, 0) , the Q1D hydrate also exhibits the core−sheath structure with H 2 molecules occupying the interior core of the hexagonal ice nanotube, forming a solid-like H 2 wire. Further DFT calculations indicate that the interaction energy between a H 2 and the inner wall of these ice nanotubes is attractive and thus energetically favorable at single occupancy. Ab initio molecular dynamics simulation suggests that these H 2 hydrates are stable at 250 K within the SW-CNTs. Unlike conventional bulk gas hydrates (with type I, II or H structure) where the guest molecules are typically contained in isolated cages in the ice framework, the H 2 molecules in the Q1D gas hydrates are contained within a 1D nanochannel and form a either solidlike or liquid-like molecule wire. If confirmed in the laboratory, these new forms of Q1D H 2 hydrates not only will enrich the gashydrate family, but also may offer a clean and safe way to store large-quantity hydrogen near the ambient condition. Although the gravimetric density of Q1D hexagonal H 2 hydrates is relatively low for automobile applications, the hydrates can provide a very safe way for on-demand hydrogen release without separation issues (for example, carbon-monoxide free) for portable electronic device applications.
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